Broken covariance of particle detector models in relativistic quantum
  information by Martín-Martínez, Eduardo et al.
ar
X
iv
:2
00
6.
12
51
4v
1 
 [q
ua
nt-
ph
]  
22
 Ju
n 2
02
0
Broken covariance of particle detector models in relativistic quantum information
Eduardo Mart´ın-Mart´ınez,1,2, 3, ∗ T. Rick Perche,3, 4, † and Bruno de S. L. Torres3, 4, ‡
1Institute for Quantum Computing, University of Waterloo, Waterloo, Ontario, N2L 3G1, Canada
2Department of Applied Mathematics, University of Waterloo, Waterloo, Ontario, N2L 3G1, Canada
3Perimeter Institute for Theoretical Physics, Waterloo, Ontario, N2L 2Y5, Canada
4Instituto de F´ısica Teo´rica, Universidade Estadual Paulista, Sa˜o Paulo, Sa˜o Paulo, 01140-070, Brazil
We show that the predictions of spatially smeared particle detectors coupled to quantum fields
are not generally covariant outside the pointlike limit. This lack of covariance manifests itself as
an ambiguity in the time-ordering operation. We analyze how the breakdown of covariance affects
typical detector models in quantum field theory such as the Unruh-DeWitt model. Specifically, we
show how the violations of covariance depend on the state of the detectors-field system, the shape
and state of motion of the detectors, and the spacetime geometry. Furthermore, we provide the tools
to explicitly evaluate the magnitude of the violation, and identify the regimes where the predictions
of smeared detectors are either exactly or approximately covariant in perturbative analyses.
I. INTRODUCTION
Particle detector models [1–3] have become an ubiq-
uitous concept in the study of fundamental problems in
quantum field theory (QFT). They provide a way of cir-
cumventing some of the conceptual and technical issues
associated with the notion of measurement of localized
field observables [4–7], and also yield an operationally
appealing approach to common phenomenology in QFT
in curved spacetimes such as the Unruh and Hawking
effects (see, e.g., [1, 2, 8–10]). Beyond their value as a
fundamental tool, particle detector models are commonly
employed in concrete setups in relativistic quantum in-
formation and quantum optics to model the light-matter
interaction in relativistic regimes (see, e.g. [11, 12]).
Common desired features of particle detector models
include being localized, controllable and measurable non-
relativistic quantum systems that couple to a quantum
field in a finite region of spacetime. Historically [3], parti-
cle detectors have been typically considered to be point-
like objects which interact with a quantum field along
timelike curves representing their trajectories. There are,
however, good reasons to extend the model beyond point-
like detectors, thus including some spatial extension to
the system. One reason is to regularize UV divergences
in the predictions of the theory by introducing a finite
lenghtscale for the size of the detector [13, 14]. Smeared
detectors are also more appealing from the point of view
of algebraic quantum field theory, where field observables
are directly linked to field operators that are smeared in
both time and space [15], and to which it is natural to
couple our detectors. Finally, one could also argue for
the need for smeared particle detector models due to the
fact that in all physically realistic scenarios, the devices
being used as detectors—for instance, an atom coupling
to the electromagnetic field [11, 12, 16]—is not a pointlike
object, but has in fact some nontrivial spatial extension.
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Smeared particle detectors, however, are not devoid of
their own issues. In particular, coupling a single non-
relativistic degree of freedom of the detector to a region
of spacetime with finite spatial extension implies “faster
than light” coupling of the internal constituents of the
detector. In other words, one single detector’s degree
of freedom “feels” the interaction with the field simul-
taneously at spacelike separated points. In a way, this
seems intuitively compatible with the assumption that
the detector is a non-relativistic system. The effects
that this ‘non-locality’ of the coupling may have on the
causal behaviour of the detector model were analyzed
in [17], where it was shown that as long as predictions
are taken at times longer than the light-crossing time
of the detectors’ lengthscales, smeared particle detector
models cannot signal faster than light. Furthermore, fol-
lowing on this, in recent work [18], it was discussed that
there are ways to covariantly prescribe the coupling be-
tween smeared detectors and fields. However, even when
the detector-field Hamiltonian density is covariantly pre-
scribed, one may wonder whether there may still be is-
sues with the covariance of the time evolution generated
by this Hamiltonian density due to the non-local nature
of the coupling of smeared detectors.
Indeed, taking the common Hamiltonian formulation
for particle detector physics, we can ask how these non-
locality issues affect the time evolution operator given by
the time-ordered exponential of the Hamiltonian for the
system. Although in nonrelativistic physics time is an
external, absolute parameter, when considering relativis-
tic scenarios, one has to address the issues and subtleties
that arise from different choices of a time parameter. In
particular, each observer has their own rest spaces and
proper times, and therefore the notion of time order may
become frame dependent. Namely, the ordering of events
in spacetime according to different time coordinates will
only be unambiguous if they are timelike or null sepa-
rated. If, on the other hand, two events are spacelike
separated, one can find observers that see either event
happening before or after the other.
In the case of particle detectors, first principle argu-
ments tell us that it is physically justified to prescribe the
2interaction in the reference frame of the detector’s center
of mass [12, 18]. However, if the interaction between the
field and the detector is spatially smeared, there will be
spacelike separated events in the ‘worldtube’ of the de-
tector. This means that the ambiguity in time ordering
will impact smeared detector setups, and certainly time-
ordering with respect to the detector’s centre of mass
proper time will in general not be equivalent to time-
ordering with respect to a different frame. If taken at face
value, this would be catastrophic for a detector model of
a quantum field theory: suddenly, time evolution and all
its predictions would be reference frame dependent.
General covariance is an important foundational point
of modern theoretical physics: fundamental theories
must be independent of the (strictly mathematical)
choice of the coordinates used to describe the laws of
physics. Even though the detector based approach for
probing quantum fields is not intended to be a funda-
mental description of nature, it is still important that its
predictions are generally covariant if we are to give them
physical meaning in terms of features of the quantum
field. Moreover, particle detectors are used in scenarios
where covariance plays an important role, such as entan-
glement harvesting (see, e.g., [19–28]), where multiple
detectors are present and the causal relations between
the interactions of the many detectors are relevant.
In the present paper, we study in detail how the spatial
smearing of an UDW detector breaks covariance. First,
we show that all predictions made for a system of point-
like detectors with covariant Hamiltonian densities (pre-
scribed as in [18]) are coordinate independent. In other
words, systems of many pointlike particle detectors in
general spacetime backgrounds are fully covariant.
We then explicitly analyze the time evolution operator
for smeared detectors and calculate (up to lowest non-
trivial order) the magnitude of the violation of covari-
ance due to the detectors’ finite size. In particular, we
show how predictions made in different coordinate sys-
tems with different notions of time-ordering deviate from
each other as a function of the field-detector state, the
size and shape of the detector, as well as the geometry
of spacetime. We will show that if the detector is ini-
tially in a statistical mixture of states of well defined en-
ergy (eigenstates of the free Hamiltonian, thermal states,
etc), then the violations of covariance are of third order
(and in many cases fourth order) in the coupling strength
between the detector and field. This means that predic-
tions associated to different choices of time parameters
are equivalent at the order in perturbation theory where
many important phenomena manifest (e.g., entanglement
harvesting, detection of the Unruh effect, etc.). Further-
more, for the cases where the violations of covariance are
of leading order, we discuss in what regimes they can be
made negligible. Namely, when several requirements are
met: 1) the relative motion of the detectors with respect
to the frame in which we are computing should not be ex-
treme; 2) the curvature around the detectors should also
be small enough; and 3) the predictions are only valid for
times much longer than the light-crossing time of each of
the detectors in their respective proper frames, as well as
in the coordinate frame we use to calculate.
II. REVIEW OF SPACETIME INTERVALS IN
CURVED SPACETIMES
For the purposes of this work, it is convenient to review
the notions of timelike, null and spacelike separation in
curved spacetimes. In Minkowski spacetime it is easy to
define the notion of spacelike and timelike separation of
two events p and q. If we let ∆x = p− q, we say that the
two events are spacelike separated in the case in which
ηµν∆x
µ∆xν > 0 and that they are timelike separated
if ηµν∆x
µ∆xν < 0, where ηµν stands for the metric in
inertial coordinates. If p and q are spacelike separated
in Minkowski spacetime, it is always possible to find an
inertial timelike observer that sees both events simulta-
neously. If they are timelike separated, there is always an
inertial timelike trajectory that goes through both of the
events. Also, we say that two events are null separated
if the norm of ∆x is zero. Null separated events in are
connected by a ray of light.
These concepts provide very useful insight about the
causal structure of Minkowski spacetime, in the sense
that events that are spacelike separated have no causal in-
fluence over one another. In the context of quantum field
theory, this fact manifests itself as the microcausality
condition: the commutator of quantum fields in spacelike
separated regions vanishes. In Minkowski spacetimes, we
can simply say timelike are those events that can be con-
nected by timelike curves, and the analogous holds for
null separated events. The points that are spacelike sep-
arated are the ones that do not fit any of the categories
before.
In curved spacetimes, however, defining global notions
analogous to timelike, null and spacelike separations is
more delicate [29]. First, we assume that we have a space-
time M with a metric g that is globally hyperbolic and
time orientable. Given a point p, we then define the
set of chronological events related to p as the set of all
points that can be connected to p by a timelike curve.
We denote the set of chronological events related to p by
I(p). This can be shown to be an open set [29] and it
corresponds to the interior of the lightcone in Minkowski
spacetime.
We then define the set of null separated events N(p) =
I(p) \ I(p) as the boundary of the closure of I(p). In
Minkowski N(p) corresponds to the set of points that are
in the boundary of the lightcone of p. It should be noted
however that in general this set might contain points that
are not causally connected to p (See again [29] for an ex-
ample). However, all null curves that go through p are
contained in N(p). Note that as N(p) is the boundary of
a region, it possesses one dimension less than the space-
time it is contained in, and volume integrals performed
over it yield zero.
3We then define the set of non-chronological events re-
lated to p as S(p) = M \ I(p). In Minkowski this is
equivalent to the region outside the lightcone of p. This
set is always open since it is the complement of a closed
set, and no event in S(p) is causally connected to the
point p.
Having generalizations of spacelike and timelike sepa-
ration, we notice that q ∈ I(p) ⇔ p ∈ I(q), so that we
can define the equivalence relation between events ‘be-
longing to the chronological set of one another’ that we
notate p^q. This equivalence relation is what we define as
timelike separation. Analogously, q ∈ N(p) ⇔ p ∈ N(q)
so that we can define the equivalence relation between
events ‘belonging to the null set of one another’ that we
denote by p ^q. This is what we will call null separa-
tion here, although it should be noted that not all null
separated events can be connected by a lightlike curve
[29].
Consider two future-oriented timelike vectors ∂t and
∂t′ associated to two coordinate systems R ≡ (t,x) and
R′ ≡ (t′,x′), and two events p and q of coordinates
(p0, pi), (p0
′
, pi
′
) and (q0, qi), (q0
′
, qi
′
) respectively in R
and R′. If p^q or p ^q , we have that the sign of p0 − q0
and p0
′ − q0′ is the same. Also, we will only have p0− q0
(or p0
′−q0′) equal zero if p = q. Therefore, the notion of
time ordering for these events is unambiguous and coor-
dinate independent (hence reference frame independent).
This will be particularly useful for the discussion of the
meaning of the time ordering operation in quantum me-
chanics in curved spacetimes.
We also define the equivalence relation p ^ q in the case
in which q ∈ S(p) ⇔ p ∈ S(q). Relevant to this paper,
notice that since in this case the points p and q are not
causally connected, the microcausality condition imposes
that the commutator of a scalar quantum field evaluated
at them must vanish.
III. THE TIME ORDERING OPERATION
The notion of time ordering is fundamental in our un-
derstanding of time evolution in quantum theory. When
a given coordinate system is chosen, x = (t,x), the time
ordering of events associated to this coordinate system
is understood as an ordering with respect to the coordi-
nate time t. For timelike or null separated events, time
ordering is independent of the coordinate system picked.
However, for spacelike events this is not the case. In
this section, we will study under which conditions the
time-ordered exponential of a Hamiltonian density is in-
dependent of the time parameter used to order it. We
will do so for general quantum field theories in a globally
hyperbolic spacetime M of dimension D = n + 1 with
metric g.
Let us consider a QFT with some interaction. Let
us fix a coordinate system, x¯ = (τ, x¯) and split the full
Hamiltonian that generates time translations with re-
spect to the time parameter τ into a free part, and an
interaction part. We can work in the interaction picture,
so that the field operators evolve according to the free
Hamiltonian, while the states evolve with respect to the
time evolution generated by the interaction one. The
time evolution operator associated to τ , Uˆτ , can then be
written as a time-ordered exponential of the interaction
Hamiltonian HˆτI (τ) (generating translations with respect
to τ) as
Uˆτ = Tτ exp
(
−i
∫
R
dτ HˆτI (τ)
)
. (1)
Notice that here we have made explicit that the time-
ordering operation, in principle, corresponds to the time
parameter τ .
More fundamentally, the interaction Hamiltonian is
thought of as an integral of a Hamiltonian density hˆI(x¯)
in a given spatial slice Στ which is defined by constant
values of the time parameter τ , that is,
HˆτI (τ) =
∫
Στ
dnx¯ hˆI(x¯) =
∫
Στ
dnx¯
√−g¯ hˆI(x¯), (2)
where g¯ denotes the determinant of the metric in the
x¯ coordinates and we defined the Hamiltonian weight
hˆI(x¯) := hˆI/
√−g¯, which is a scalar under coordinate
transformations. This allows us to rewrite Uˆτ in terms of
spacetime integrals of the Hamiltonian weight,
Uˆτ = Tτ exp
(
−i
∫
M
dV hˆI(x¯)
)
, (3)
where dV is the invariant volume element of spacetime,
given by
dV ≡ √−gdDx = √−g¯dD x¯. (4)
We could explicitly see this time evolution as coming
from a Hamiltonian generating translations with respect
to some other time coordinate t, HˆtI(t), defining it as
HˆtI(t) =
∫
Et
dnx
√−g hˆI(x), (5)
and where x are spacelike coordinates on Et, which are
the surfaces of simultaneity defined by constant t. Having
a covariantly defined Hamiltonian as in (5) is, however,
not enough to guarantee that the time evolution operator
itself will be independent of the time parameter chosen
to prescribe it. This will only be true if the time ordering
operation with respect to τ were actually truly indepen-
dent of the time coordinate chosen. If this were not the
case, it is easy to see that issues with time-ordering will
appear in every order O(λn) with n ≥ 2 of the Dyson ex-
pansion of Uˆτ . Namely, if we write the Dyson expansion
as
Uˆτ = 1 + Uˆ (1)τ + Uˆ (2)τ +O(λ3), (6)
4then the time ordering prescription Tτ associated to the
the detector’s proper time yields for the second order
term
Uˆ (2)τ := (−i)2
∫ +∞
−∞
dτ
∫ τ
−∞
dτ ′ HˆτI (τ)Hˆ
τ ′
I (τ
′)
= (−i)2
∫
M×M
dVdV ′ hˆI(x¯)hˆI(x¯′)θ(τ − τ ′). (7)
If we now try to perform a coordinate transformation
to another coordinate system x = (t,x), we get
Uˆ (2)τ = (−i)2
∫
M×M
dVdV ′ hˆI(x)hˆI(x′)θ
(
τ(x) − τ ′(x′)) (8)
6= (−i)2
∫ +∞
−∞
dt
∫ t
−∞
dt′ HˆtI(t)Hˆ
t′
I (t
′) = Uˆ (2)t .
Because there can be spacelike separated events in the
integral in (8), we do not get the nested integration that
one would expect from carrying out time ordering Tt with
respect to the time coordinate t instead of τ .
Note, however, that we can split the integration region
M×M into four subregions:
T := {(x¯, x¯′) ∈ M×M : x¯^x¯′}, (9)
N := {(x¯, x¯′) ∈M×M : x¯ ^x¯′}, (10)
S> := {(x¯, x¯′) ∈M×M : x¯ ^ x¯′ and τ >τ ′ ⇒ t>t′}, (11)
S≤ := {(x¯, x¯′) ∈M×M : x¯ ^ x¯′ and τ >τ ′ ⇒ t≤ t′}, (12)
where x^x′ corresponds to timelike, x ^x′ corresponds to
null and x ^ x′ corresponds to spacelike separation be-
tween x and x′.
With this splitting we can write Uˆ (2) in (7) as a sum
of integrals over the different regions
Uˆ (2)τ = (−i)2
∫
T ∪N ∪S>
dVdV ′ hˆI(x¯)hˆI(x¯′)θ(τ−τ ′)
+ (−i)2
∫
S≤
dVdV ′ hˆI(x¯)hˆI(x¯′)θ(τ−τ ′). (13)
For timelike and null separation, the time ordering be-
tween two events is the same for every observer, which
means that for points on regions T and N , τ(x)−τ ′(x′) >
0 ⇐⇒ t− t′ > 0 as per the discussion in Section II. This
allows us to equate θ
(
τ(x) − τ(x′)) = θ(t − t′) in these
regions. The same reasoning is true for the points in the
S> region by construction, since we defined S> to be the
region composed of spacetime events that preserved the
previous time ordering.
The only region where the coordinate transformation
may cause problems is S≤, since it changes the time or-
dering between the two events. In this region, we can
write θ
(
τ(x)−τ(x′)) = θ(t′−t), which allows us to rewrite
the integral as∫
S≤
dVdV ′hˆI(x)hˆI(x′)θ
(
τ(x) − τ(x′))
=
∫
S≤
dVdV ′hˆI(x)hˆI(x′)θ
(
t′ − t); (14)
Then, writing hˆI(x)hˆI(x
′) = hˆI(x
′)hˆI(x) + [hˆI(x), hˆI(x
′)],
we get ∫
S≤
dVdV ′hˆI(x)hˆI(x′)θ
(
t′ − t)
=
∫
S≤
dVdV ′hˆI(x′)hˆI(x)θ
(
t′ − t)
+
∫
S≤
dVdV ′[hˆI(x), hˆI(x′)]θ
(
t′ − t).
(15)
Renaming the integration variables x and x′ in the first
integral of the right hand side above we recover the same
integrand as in Eq. (8). Adding the integrals over the
regions T,N, S> and S≤, we finally get
Uˆ (2)τ = (−i)2
∫
M×M
dVdV ′hˆI(x¯)hˆI(x¯′)θ(τ − τ ′)
= (−i)2
∫
M×M
dVdV ′hˆI(x)hˆI(x′)θ(t− t′)
+ (−i)2
∫
S≤
dVdV ′[hˆI(x), hˆI(x′)]θ
(
t′ − t)
= Uˆ (2)t + (−i)2
∫
S≤
dVdV ′[hˆI(x), hˆI(x′)]θ
(
t′ − t), (16)
where we recall Tt represents time ordering with respect
to t and Uˆt the associated time evolution operator. The
second summand in (16) ultimately threatens the covari-
ance of the time ordering prescription. This term is pro-
portional to the commutator of the Hamiltonian densities
at spacelike-separated points.
To generalize the result above to higher orders, notice
that the Nth term in the Dyson series can be written as
Uˆ (N)τ =
(−i)N
N !
∫
MN
dV1 . . . dVN Tτ hˆI(x¯1) . . . hˆI(x¯N )
=
(−i)N
N !
∫
MN
dV1 . . . dVN Tτ hˆI(x1) . . . hˆI(xN ) (17)
6= (−i)
N
N !
∫
MN
dV1 . . . dVN TthˆI(x1) . . . hˆI(xN ).
where Tτ applied to the Hamiltonian densities time-
orders the product according to the detector’s centre of
mass proper time τ . As the second and third line of (17)
shows, we could switch from the x¯ = (τ, x¯) coordinates
to arbitrary coordinates x = (t,x) without picking any
extra terms, but we need to keep the time ordering with
respect to τ . Expressing the time-ordering with respect
to τ in terms of time ordering in the coordinates (t,x) is,
in general, a nontrivial task but it is in general different
from time ordering with respect to t.
We would like to highlight that the non-coincidence
of time-ordering with respect to different coordinate sys-
tems can be bypassed in many common scenarios. In-
deed, notice that the time ordering operation is uniquely
defined for operators that commute within spacelike sep-
arated regions. If the Hamiltonian weight is microcausal,
5that is, it satisfies
x ^ x′ ⇒ [hˆ(x), hˆ(x′)] = 0, (18)
then the ambiguity in time ordering of spacelike-
separated events will have no impact in the calculation of
the time evolution operator. In other words, when (18)
is satisfied, time ordering is the same with respect to any
time parameter. There are many relevant interactions
where the Hamiltonian density is microcausal. The pos-
tulate of microcausality in QFT implies that field oper-
ators evaluated at spacelike-separated points commute.
If the interaction Hamiltonian weight hˆI(x) is local in
the quantum fields (that is, only couples field degrees of
freedom evaluated at a single point in each space slice)
the Hamiltonian weight is microcausal. This is why in
(most of) high-energy physics, where all fields are mi-
crocausal and the interactions are local, there is no need
to specify a privileged time ordering and the time evo-
lution is always covariant. This is also why a detection
scheme based on the Fewster-Verch QFT measurement
framework [6, 30, 31] would not have any problems with
covariance. However, smeared particle detectors such
as the smeared Unruh-DeWitt model involve non-local
couplings to quantum fields, hence will suffer from time-
ordering ambiguities as we will see.
IV. BREAKING OF COVARIANCE BY A
SINGLE SMEARED DETECTOR
In this section we apply the results of Section III to the
case of a single Unruh DeWitt detector undergoing an
arbitrary trajectory in a globally hyperbolic spacetime.
Subsection IVA reviews the general formulation of UDW
detectors in curved spacetimes and in Subsection IVB we
discuss and quantify the break of covariance in the model.
A. Particle detectors: The Unruh-DeWitt model
To model the interaction of a particle detector and a
quantum field in curved spacetimes we use a smeared
Unruh-DeWitt detector [2, 3]. That is, a two-level sys-
tem interacting with a free scalar field through a min-
imally coupled action. The Unruh-DeWitt model cap-
tures most of the fundamental features of the light-matter
interaction (barring the exchange of angular momen-
tum [12, 32]) and hence one could think of this detector
as modelling the interaction of atomic probes and the
electromagnetic field [11, 12]. We assume that we have a
globally hyperbolic D = n+1 dimensional spacetimeM.
Under these assumptions, the action for the field takes
the form
S[φ] =
∫
dV
(
−1
2
∇µφ∇µφ− 1
2
m2φ2
)
. (19)
Let us pick coordinates y = (t,y) such that t is timelike
and y defines coordinates on spacelike surfaces. Perform-
ing ‘equal time’ cannonical quantization in these coordi-
nates, as done in [18], we obtain the following quantized
solution for the field
φˆ(y) =
∫
dnk
(
aˆ†
k
u∗
k
(y) + aˆ
k
uk(y)
)
, (20)
where {uk(y)} is a complete set of solutions to the Klein-
Gordon equation and the creation and annihilation oper-
ators aˆ
k
and aˆ†
k
satisfy the usual commutation relations
[aˆ
k
, aˆ†
k′
] = δ(n)(k − k′)1 .
Same as in (among others) [18], we assume our de-
tector to be localized as a smeared (Fermi-Walker rigid)
two-level first quantized system. We notate z(τ) the tra-
jectory of the detector’s centre of mass, parametrized by
proper time τ . We denote |g〉 and |e〉 the ground and
excited state of the detector according to the detector’s
free Hamiltonian Hˆτd (which generates translations with
respect to τ)
Hˆτd = Ωσˆ
+σˆ− =
Ω
2
(σˆz + 1 ) , (21)
where Ω is the proper energy gap of the detector and
σˆ+ = |e〉〈g| = (σˆ−)†.
We consider the usual Unruh-DeWitt monopole cou-
pling. In the interaction picture the interaction Hamil-
tonian weight takes the form
hˆI(x¯) = λχ(τ)f(x¯)µˆ(τ)φˆ(x¯). (22)
where—following the prescription from [18]—we pick
Fermi normal coordinates (τ, x¯), associated to the cen-
tre of mass of the detector, and the monopole moment
operator takes the form
µˆ(τ) = eiΩτ σˆ+ + e−iΩτ σˆ−. (23)
Notice that, by construction, in the proper frame of the
detector we can factor a switching function χ(τ) and
a spatial smearing function f(x¯). In a general coordi-
nate system there is no factorization of a switching and
a smearing function and the Hamiltonian weight will be
characterized instead by a spacetime smearing Λ(x), that
is,
hˆI(x) = λΛ(x)µˆ(τ(x))φˆ(x). (24)
As stated in [18], the integral of the above quantity in
spacetime is fully covariant and coordinate independent.
The Hamiltonian that generates time evolution with re-
spect to the proper time τ of the detector is then defined
as the integral over the constant τ surfaces Στ , according
to
HˆτI (τ) = λ
∫
Στ
dnx¯
√−g¯χ(τ)f(x¯)µˆ(τ)φˆ(x¯), (25)
while the Hamiltonian generating translations with re-
spect to an arbitrary time coordinate t can be written
as
HˆtI(t) = λ
∫
Et
dnx
√−g Λ(x)µˆ(t)φˆ(x), (26)
6where Et denotes the constant t spacelike surfaces in the
coordinates x = (t,x).
The time evolution operator is then defined as the
time-ordered exponential
Uˆ = Tτ exp
(
−i
∫
M
dV hˆI(x)
)
= Tτ exp
(
−i
∫
R
dτHˆτI (τ)
)
,
(27)
where the time ordering operator Tτ represents time or-
dering with respect to the proper time of the detector’s
centre of mass τ .
B. Covariance and time-ordering in the UDW
model
In section III we have argued that local quantum field
theories that satisfy microcausality (observables com-
mute at different spacelike separated points) would pro-
duce time evolution operators that do not depend on the
time parameter chosen for time ordering. When we take
hˆI(x) to be the Hamiltonian weight associated to a sin-
gle pointlike detector undergoing an arbitrary timelike
trajectory in a fixed background, the interaction is lo-
cal. That is, the detector’s degree of freedom only cou-
ples to a single point in each space slice. This trans-
lates into the fact that the support of the Hamiltonian
weight hˆI(x) consists of a single point in each spatial
slice, which in turn implies that hˆI(x) satisfies a micro-
causality condition: in commutes with itself at spacelike
separated points. In summary: predictions of the time
evolution of pointlike Unruh-DeWitt detectors coupled
through Hamiltonian weights of the form (24) are fully
covariant.
However, in the smeared Unruh-DeWitt detector pic-
ture, microcausality of the Hamiltonian weight (and
therefore the Hamiltonian density) does not follow.
Namely, the commutator of the Unruh-DeWitt interac-
tion Hamiltonian densities for a single smeared detector
evaluated at spacelike-separated points is not identically
zero because of the smearing. This violation of general
covariance can be traced back to the fact that the spa-
tially smeared Unruh-DeWitt Hamiltonian itself encodes
an interaction of a single degree of freedom of the detec-
tor with a field observable in a region with finite spatial
extension, and is therefore inherently nonlocal. It is thus
important to quantify the degree to which this nonlocal-
ity of the interaction hinders the covariant nature of pre-
dictions prescribed in different coordinate systems. This
will be the goal of this Subsection.
To quantify the break of covariance introduced by the
smearing we make use of the results of Section III, by tak-
ing the coordinates x¯ = (τ, x¯) to be the Fermi normal co-
ordinates associated to the detector’s center of mass and
we take x = (t,x) to be a different arbitrary frame. We
recall that time ordering is unambiguous for the timelike
and null regions T and N . Furthermore the only region
where time ordering can cause covariance problems is S≤
since, by definition, it contains all the events for which
time-ordering is not the same in both frames. Consider-
ing that the quantum field theory satisfies microcausality
([φˆ(x), φˆ(x′)] = 0 for x ^ x′) we can write the commutator
of the Hamiltonian weights in (16) in terms of the com-
mutator of the monopole operator at different times in
S≤ as[
hˆI(x), hˆI(x
′)
]
= λ2Λ(x)Λ(x′)
[
µˆ(τ(x)), µˆ(τ ′(x′))
]
φˆ(x)φˆ(x′),
(28)
where the Λ(x) is the spacetime smearing function. From
(23) we can explicitly evaluate the monopole moment
commutator for a qubit UDW detector as[
µˆ(τ), µˆ(τ ′)
]
= 2i sin(Ω(τ − τ ′))σˆz, (29)
which, as it will relevant later, commutes with the free
Hamiltonian of the detector.
We can now compare the time ordering operation with
respect to proper time τ as opposed to time ordering with
respect to a different parameter t. Concretely, consider
two time-ordered exponentials that define two different
time evolution operators Uˆτ and Uˆt. On the one hand,
Uˆτ is associated to the Hamiltonian generating time evo-
lution with respect to the proper time of the detector
HˆτI (τ), that is
Uˆτ = Tτ exp
(
−i
∫
dτ HˆτI (τ)
)
. (30)
On the other hand, the time evolution operator Uˆt is
associated to the time-order of the Hamiltonian HˆtI(t)
generating translations with respect to another time pa-
rameter t:
Uˆt = Tt exp
(
−i
∫
dt HˆtI(t)
)
. (31)
In a covariant formalism we should have Uˆτ = Uˆt, so
that the predictions do not depend on the choice of co-
ordinates.
While this is not going to be true for non-pointlike
detectors, it is possible to precisely quantify the difference
between the two time-ordering prescriptions in a general
smearing scenario. As discussed in Section III, for the
first order Dyson expansion term in the time evolution
Uˆ ′(1)τ = Uˆ (1)t , and therefore the first deviation appears in
the second order of the Dyson expansion. From (16) we
get
Uˆ (2)t − Uˆ (2)τ = −
∫
S≤
dVdV ′
[
hˆI(x), hˆI(x
′)
]
θ
(
t′ − t). (32)
If we expand the integral above using the expression of
the Hamiltonian weight hˆI(x) in terms of the field and
monopole operators and equation (29), we obtain
Uˆ (2)t − Uˆ (2)τ = −2iλ2σˆz
∫
S≤
dVdV ′Λ(x)Λ(x′)φˆ(x)φˆ(x′)
× sin [Ω(τ − τ ′)]θ(t′ − t). (33)
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Hilbert space of the field as
Eˆ :=−2i
∫
S≤
dVdV ′Λ(x)Λ(x′)φˆ(x)φˆ(x′) sin[Ω(τ−τ ′)]θ(t′−t),
(34)
so that we can write the difference between Uˆ ′(2) and Uˆ (2)
as
Uˆ (2)t − Uˆ (2)τ = λ2σˆzEˆ. (35)
Taking the adjoint of Equation (34) and using the fact
that the field operators commute when evaluated at
points in S≤, one sees that Eˆ
† = −Eˆ.
We can evaluate the exact magnitude of the violation
of covariance by choosing a particular initial state for de-
tector and field. In particular, in the reasonable scenario
that field and detector are initially uncorrelated, the ini-
tial joint state is
ρˆ0 = ρˆd,0 ⊗ ρˆφ. (36)
After the interaction, the state of the field-detector sys-
tem will be given by
ρˆτ = Uˆτ ρˆ0Uˆ†τ . (37)
The time-evolved state of the detector is obtained after
tracing over the field degrees of freedom: ρˆd = Trφ ρˆ.
If one decides to prescribe the interaction using any
other coordinate system, general covariance would de-
mand that the time evolution implemented by Uˆt should
coincide with that of Uˆτ . For Uˆt, the density operator
used to describe the system after the interaction will be
given by
ρˆt = Uˆtρˆ0Uˆ†t . (38)
Since the spacetime region of interaction is given by the
support of the spacetime profile Λ(x) which is coordinate
invariant, we can then use Equation (35) to compare ρˆt
with ρˆτ . We obtain
ρˆt = Uˆτ ρˆ0Uˆ†τ + λ2
(
σˆzEˆρˆ0Uˆ†τ + Uˆτ ρˆ0σˆzEˆ†
)
+O(λ3)
= ρˆτ + λ2
(
σˆz ρˆd,0 ⊗ Eˆρˆφ + ρˆd,0σˆz ⊗ ρˆφEˆ†
)
+O(λ3).
(39)
The covariance breaking introduced in the detector
evolved states can be evaluated by partial-tracing the
field. Using the cyclic property of the trace and that
Eˆ = −Eˆ† we can write ρˆtd = Trφ ρˆt as
ρˆtd = ρˆ
τ
d + λ
2
(
σˆz ρˆd,0Tr Eˆρˆφ + ρˆd,0σˆz Tr ρˆφEˆ
†
)
+O(λ3)
= ρˆτd + λ
2
(
σˆz ρˆd,0Tr Eˆρˆφ − ρˆd,0σˆz Tr ρˆφEˆ
)
+O(λ3)
= ρˆτd + λ
2[σˆz , ρˆd,0] Tr ρˆφEˆ +O(λ3), (40)
where Tr ρˆφEˆ can be written in terms of the field state
Wightman function as
Tr ρˆφEˆ= −2i
∫
S≤
dVdV ′Λ(x)Λ(x′)Wρˆφ (x, x′) (41)
× sin[Ω(τ−τ ′)]θ(t′−t).
We therefore obtain that the difference between both de-
scriptions is given by
ρˆtd − ρˆτd = λ2[σˆz, ρˆd,0] Tr ρˆφEˆ +O(λ3). (42)
With this expression we can indeed confirm that Eˆ is
identically zero for a pointlike detector due to the fact
that the pointlike smearing (a delta function) has no
points in the region S≤. We also notice that if the ini-
tial state of the detector commutes with the detector’s
free Hamiltonian, even the smeared detector predictions
are fully covariant to second order. This is a very popu-
lar choice throughout the literature that includes eigen-
states of the detector’s Hamiltonian (common in scenar-
ios of detector’s vacuum response, spontaneous emission,
entanglement harvesting, etc) as well as thermal states
and all other diagonal states of the detector in its en-
ergy eigenbasis. The smeared UDW model would not be
covariant for less conventional choices for smeared detec-
tors corresponding to states with non-zero coherence in
the detector’s free energy eigenbasis.
Furthermore, if the initial state of the field is a
Gaussian state with vanishing one-point function—i.e.,
〈φˆ(x)〉ρˆφ = 0, which includes not only the vacuum or any
thermal state but also any squeezed thermal state—there
is no breakdown of covariance even at order O(λ3). This
can be seen by noting that the corrections of order λ3
are proportional to integrals of the three point function
〈φˆ(x1)φˆ(x2)φˆ(x3)〉ρˆφ , which is zero for any Gaussian state
with vanishing one-point function.
Even in the cases where there is violation of covariance
at leading order, this violation is due to the smearing of
the detector and is suppressed with the square of the
smearing decay in spacetime as can be seen from Eq.
(34). This is similar to the causality violations found in
early literature associated to the smearing of the detector
[17]. There, the causality violations were deemed con-
trollable if they decayed at least as fast as the detector’s
smearing function tails. Therefore, as long as the predic-
tions of the model are taken for proper timescales and
lengthscales much larger than the light-crossing time of
the detector’s smearing, the difference between the two
time-ordered evaluations should be negligible when the
frames are related by non-extreme accelerations and cur-
vature. These regimes are precisely the regimes where
using particle detectors is meaningful [18], and are well
within the regimes where phenomena such as the Unruh
effect should become observable. We explicitly illustrate
this with an example in Section VI.
8V. COVARIANCE OF MULTIPLE DETECTORS
After the analysis of the covariance violations in the
time-ordering for a single detector, one can wonder what
happens when we have scenarios with multiple detec-
tors where, arguably, covariance could be more rele-
vant. These scenarios can combine detectors whose
proper times are radically different, and where identi-
fying regimes of timelike or spacelike separation between
them is crucial (for example in entanglement harvesting
[19–28]).
One can work out the deviation between the time-
evolution operators defined by different time coordinates
in the case of multiple detectors as a straightforward gen-
eralization of what was done in Section IV. Assume we
have N detectors, labelled by j = 1, . . . , N whose cen-
tres of mass undergo trajectories zj(τj) parametrized by
the proper time of each detector’s center of mass, τj .
We then prescribe the interaction Hamiltonian densities
(or equivalently their weights) in the Fermi normal co-
ordinates associated to each of the detectors’ worldlines,
x¯j = (τj , x¯j), according to
hˆI,j(x¯j) = λj µˆj(τj)fj(x¯j)φˆ(x¯j), (43)
where fj is the smearing function for the jth detec-
tor, µˆj(τj) is its monopole moment and λj the coupling
strength.
In Section III we obtained results for a general inter-
action Hamiltonian weight, we can now apply those re-
sults to the multiple detector case where the Hamiltonian
weight is
hˆI(x) =
N∑
j=1
hˆI,j(x). (44)
The time-evolution calculations can get quite compli-
cated if the detectors are in different states of motion.
This is because in general to obtain the total Hamilto-
nian or the time evolution operator we need to recast
all the summands in(44) in terms of common set of co-
ordinates different from at least some of the detector’s
proper frame. Notice, however, that in the case of point-
like detectors, and therefore with Dirac deltas as smear-
ings fj(x¯j), the Hamiltonian weight from Equation (44)
commutes with itself at spacelike separated points. This
is due to the fact that the different monopole moment
operators act in different Hilbert spaces and the field op-
erator is assumed to satisfy the axiom of microcausality.
Therefore, we conclude that for a system of pointlike de-
tectors, the time evolution operator can be written as
Uˆ = T exp
(
−i
∫
M
dV hˆI(x)
)
, (45)
with no necessity to explicitly indicate with respect to
which time parameter the ordering happens. In other
words, as anticipated in previous sections, the formalism
for (an arbitrary number of) pointlike UDW detectors is
fully covariant.
In Section IV we saw how the smearing in a single par-
ticle detector was responsible for breaking the covariance
in the time evolution operator. In lieu of full covariance
for one detector, one may be tempted to privilege the
time ordering with respect to the proper time of the de-
tector’s center of mass. Indeed, in the single detector
case one may have a relatively good reason to do this:
the interaction is prescribed in the Fermi-Walker refer-
ence frame of the detector’s centre of mass and therefore
we should be considering evolution in that frame to be
‘more important’. However, when multiple detectors are
considered we are mixing different Hamiltonian weights
prescribed with respect to different Fermi-Walker frames.
The results therefore would be different if we time or-
der the full interaction with respect to any of the many
proper time parameters involved in the many-detector
problem. In plain words, should we time-order the global
Uˆ with respect to Alice’s detector’s proper time? or
Bob’s? Or Charles’s? Or none? Each prescription would
yield quantitatively different predictions. Obviously this
is a problem.
Since we do not have any first principles argument to
choose a given time parameter to evolve the system, the
conclusion we draw from this discussion is that there is no
unique way of writing the time evolution operator for a
system of N smeared particle detectors unless they have
a common proper time. Any choice of time parameter s
will yield a different non equivalent time evolution oper-
ator
Uˆs = Ts exp
(
−i
∫
M
dV hˆI(x)
)
. (46)
This, however, does not mean that we should not use
sets of multiple smeared particle detectors at all ever
again. There are indeed very physically reasonable
regimes where the covariance breakdown can be mini-
mized and controlled.
In the case of multiple detectors, we can adapt the
calculation done in Section IV to prove a similar result:
choosing an initial detectors’ state that commutes with
their free Hamiltonian cancels the violations of covari-
ance at O(λ2). Moreover, if the field state is Gaussian
with a zero one-point function the difference in the pre-
dictions for Uˆ with respect to different time parameters
is cancelled also at O(λ3).
Furthermore, for arbitrary states, the offending devi-
ation can be calculated at leading order from equation
(16) by plugging in the Hamiltonian weight (44). Let us
consider the second order term in the Dyson expansion
prescribed with respect to two notions of time ordering, t
and s that do not necessarily agree. We then obtain two
time evolution operators, Uˆt and Uˆs with their associated
second order terms being Uˆ (2)t and Uˆ (2)s . Recalling that
in the region S≤ the field operators commute, and so do
the monopole operators associated to different detectors,
we have that
[
hˆI,i(x), hˆI,j(x
′)
]
= 0 for i 6= j in S≤, and
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Uˆ (2)t − Uˆ (2)s = −
N∑
i=1
∫
S≤
dVdV ′
[
hˆI,i(x), hˆI,i(x
′)
]
θ
(
t′ − t).
(47)
This gives us
Uˆ (2)t − Uˆ (2)s = λ2
N∑
i=1
σˆz,iEˆi, (48)
where Eˆi corresponds exactly to the Eˆ defined in (34)
for each detector. If the system starts in an uncorrelated
state of the form
ρˆ0 =
(
N⊗
i=1
ρˆ0,i
)
⊗ ρˆφ, (49)
the same procedure outlined in section IV leads to two
different density operators for the detector part of the
system, ρˆsd associated to time evolution with respect to
the parameter s, and ρˆtd associated to the parameter t.
Their difference will then be given by
ρˆtd − ρˆsd = λ2
N∑
i=1

⊗
j 6=i
ρˆ0,j

 [σˆz,i, ρˆ0,i] Tr ρˆφEˆi +O(λ3).
(50)
It is therefore clear that if all detectors start in a product
state, with the state of each detector being a statistical
mixture of eigenstates of the respective free Hamiltonian,
the deviation up to second order in the coupling vanishes.
This result has profound implications for the use of
smeared UDW detectors in trajectories whose time or-
dering disagrees. This disagreement happens even if one
considers inertial detectors moving with respect to each
other in Minkowski spacetime. Equation (50) tells us
that although there is an infinite amount of different
prescriptions for the time evolution operator for multi-
ple smeared detectors, all of these yield results that dis-
agree only to third order in the coupling. This means
that although there is no non-perturbative way of writ-
ing a given time evolution operator for many smeared
detectors, we do not see any difference in predictions for
different time ordering at leading order in the coupling.
It is important to remark that the standard results ob-
tained from techniques and setups that are dependent on
multiple UDW detectors, such as entanglement harvest-
ing and quantum energy teleportation, are dominated by
second order dynamics and often choose initial states for
which the second order violation cancels. In all those
cases there is no violation of covariance in the final re-
sult.
Moreover, same as in the case of a single detector, the
violations of covariance scale with the square of the size
of the detectors as it can be seen from the definition of
the Eˆi operators. This means that the violation of co-
variance can be made small under the following three
conditions: 1) the relative motion of the detectors with
respect to the frame in which we are computing Uˆ is
not extreme, 2) the curvature around the detectors is
also not extreme, and 3) the predictions are going to be
considered for times much longer than the light-crossing
time of the lenghtscale of each of the detectors in their re-
spective proper frames. In those cases, making the detec-
tor smaller suppresses the covariance violations very fast.
For atomic-sized detectors one would expect these three
assumptions to hold even for regimes where the Unruh
effect is detectable, paralleling the discussion about or-
ders of magnitude where these effects are relevant found
in [18]. We will illustrate this decay of the violations of
covariance with an example in the next section.
VI. EXAMPLE: SMEARED INERTIAL
DETECTOR IN FLAT SPACETIME
Even the simplest possible dynamics for the detec-
tor and field—inertial motion in flat spacetimes—already
suffers from the covariance violation studied in this pa-
per. That is, the UDW model for an inertial detector (of
c.o.m proper time τ) moving with respect to the frame
used for the quantization of a scalar quantum field (t,x)
(that we call the lab frame) still yields different predic-
tions if the time ordering is taken with respect to τ or t.
Evaluating Equation (34) explicitly for this simple case
will provide intuition on the scales that play a role in de-
termining the regimes where the breaking of covariance
can be neglected.
Without loss of generality, we can take the detector’s
centre of mass to be moving in the x direction, with posi-
tive speed v relative to the lab frame. We make the choice
of Fermi-Walker coordinates for the detector (τ, x¯, x¯⊥),
so that x¯⊥ comprises the coordinates in the spatial direc-
tions that are orthogonal to the detector’s velocity. The
lab time ∆t elapsed between two events with coordinates
(τ, x¯, x¯⊥) and (τ
′, x¯′, x¯′⊥) is simply given by a Lorentz
transformation:
∆t = γ (∆τ + v∆x¯) ,
γ ≡ 1√
1− v2 ,
(51)
where ∆τ = τ − τ ′, ∆x¯ = x¯ − x¯′. Time ordering is
different in the two frames only for events in the region
S≤, since in that region ∆τ > 0 and ∆t < 0. This
happens when
∆x¯ < −∆τ
v
. (52)
Therefore, in this case, the region S≤ can be written
in the Fermi normal coordinates of the detector as the
points (x¯, x¯′) parametrized by
x¯ = (τ, x¯, x¯⊥),
x¯
′ = (τ − σ, x¯− ξ, x¯′⊥)
(53)
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with σ > 0, ξ < −σ/v, and x¯⊥, x¯′⊥ arbitrary.
One primary consistency check for our previous claims
is to see that Eq. (34) vanishes when we set the smearing
function to be f(x¯, x¯⊥) = δ(x¯)δ
(n−1)(x¯⊥), which would
correspond to the case of a pointlike detector. With this
choice of smearing and the parametrization of the region
S≤ according to Eq. (53), the integrals over x¯, x¯⊥, x¯
′
⊥
in Eq. (34) can be trivially computed in the case of a
stationary state of the field, so that we are left with
Tr ρˆφEˆ =2i
∫ ∞
0
dσ
∫ −σ/v
−∞
dξ δ(ξ) sin(Ωσ)Wρˆφ(ξ, σ)
×
∫
R
dτχ(τ)χ(τ − σ), (54)
where
Wρˆφ(ξ, σ) :=
〈
φˆ(x(0, 0,0))φˆ(x(−σ,−ξ,0))
〉
ρˆφ
(55)
is obtained from the field’s Wightman function
〈φˆ(x)φˆ(x′)〉 assuming stationarity and after carrying out
all the spatial integrals but ξ using the delta smearing.
Since the domain of integration in ξ never crosses the
origin, the integral in Eq. (54) yields zero. This is con-
sistent with what we showed in Section IVB: pointlike
detectors do not introduce any covariance problems.
We now compute explicitly the deviation from predic-
tions between time-ordering with detector’s proper time
and an arbitrary inertial frame. For concreteness, let us
consider the vacuum state of the field in three spatial di-
mensions. The vacuum Wightman function of a massless
scalar field evaluated between spacelike points is given
by:
〈0|φˆ(x)φˆ(x′)|0〉 = 2
(2π)2
1
|∆x|2 , (56)
where |∆x|2 = ηµν(∆x)µ(∆x)ν is the invariant spacetime
interval between the events x and x′. In the coordinates
associated to the frame of the detector, |∆x|2 can be writ-
ten as
|∆x|2 = −σ2 + ξ2 + |x¯⊥ − x¯′⊥|2. (57)
We consider Gaussian switching and smearing func-
tions with timescale T and length scale ℓ respectively:
χ(τ) =
1√
2π
exp
(
− τ
2
2T 2
)
,
f(x¯) =
1√
(2π)3ℓ3
exp
(
−|x¯|
2
2ℓ2
)
. (58)
With these choices for switching and smearing, the inte-
grals over τ and x¯ in (34) can be computed in closed form.
The integrals in the perpendicular directions can be eval-
uated by changing variables from x¯⊥, x¯
′
⊥ to r = x¯⊥− x¯′⊥
and R = x¯⊥ + x¯
′
⊥. By doing so, Eq. (34) takes the fol-
lowing form
Tr ρˆφEˆ =
4i
(2π)2
∫
R2
d2x¯⊥
∫
R2
d2x¯′⊥
∫
R2
dτdx¯
∫ ∞
0
dσ
∫ −σ/v
−∞
dξ
χ(τ)χ(τ − σ) sin(Ωσ)f(x¯, x¯⊥)f(x¯− ξ, x¯′⊥)(
−σ2 + ξ2 + |x¯⊥ − x¯′⊥|2
)
=
iT
2π2ℓ3
∫ ∞
0
dσ
∫ −σ/v
−∞
dξ e−σ
2/4T 2e−ξ
2/4ℓ2 sin(Ωσ)
∫
R2
d2r
e−|r|
2/4ℓ2
ξ2 − σ2 + |r|2
=
iT
πℓ3
∫ ∞
0
dσ
∫ −σ/v
−∞
dξ e−σ
2/4T 2e−ξ
2/4ℓ2 sin(Ωσ)
∫ ∞
0
dr
re−r
2/4ℓ2
ξ2 − σ2 + r2
=
iT
2πℓ3
∫ ∞
0
dσ
∫ −σ/v
−∞
dξ exp
(
−σ2
(
1
4T 2
+
1
4ℓ2
))
sin(Ωσ) Ei
(
−ξ2+σ2
4ℓ2
)
(59)
=
i
π
(
T
ℓ
)3
v
∫ ∞
0
ds
∫ −s
−∞
dζ exp
(
−s
2v2
4
(
1 +
T 2
ℓ2
))
sin(ΩTvs) Ei
(
(−ζ2 + s2v2) T
2
4ℓ2
)
, (60)
where Ei(x) is the exponential integral function [33], and
we get equation (60) from (59) by performing the change
of variables s = σ/vT , ζ = ξ/T . Analysis on (60) shows
It is then clear that for fixed v, the violation of covari-
ance computed above goes to zero as the duration of
the interaction T becomes much longer than the light-
crossing time of the detector ℓ. Numerical results show
that for values of T/ℓ ' 103 the error becomes negli-
gible for speeds v ≤ 0.9. As a summary, in the limit
of T/ℓ → ∞, the whole integrand in equation (60) van-
ishes, and therefore so does the covariance breaking term
as expected from the discussion in previous sections.
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VII. CONCLUSION
We have studied the breakdown of covariance that the
time-ordering operation introduces in smeared particle
detector models (such as the Unruh-DeWitt model) used
in QFT in general spacetimes.
We have first shown how for pointlike detectors, the
time-ordering operation does not introduce any coordi-
nate dependence: all predictions of properly prescribed
pointlike Unruh-DeWitt detectors are covariant. Namely,
we have explicitly shown how, for the predictions of a sys-
tem of N pointlike particle detectors on arbitrary trajec-
tories in curved spacetimes, all possible choices of time-
ordering are equivalent. We highlighted that all predic-
tions are covariant even when the multiple pointlike de-
tectors are relatively spacelike separated. This can be
traced back to the fact that a) pointlike detectors only see
the field along timelike trajectories—so the time order-
ing of the events making up each detector’s worldline is
unambiguous—and b) the individual Hamiltonian densi-
ties coupling each detector to the field mutually commute
when the detectors are spacelike separated.
In contrast, we have shown that, for smeared detec-
tors, the fact that the detectors couple to the field at
multiple spacelike separated points introduces a break
of covariance in time-ordering. This is problematic be-
cause different choices of time-ordering parameter can,
in principle, yield radically different predictions. This
is aggravated for systems of many detectors in arbitrary
states of motion since there is no physical reason in those
setups to privilege one particular notion of time order.
With this in mind, we explicitly evaluated the magni-
tude of this break of covariance and concluded that if a
detector starts in a statistical mixture of eigenstates of
its free Hamiltonian (such as ground, excited or thermal
state), the deviations from a fully covariant prediction are
of third order in the detector’s coupling strength (and
in most cases even fourth order), hence subleading for
many interesting phenomena (e.g., the thermal response
of detectors in the Unruh and Hawking effects [1, 2, 8–
10] and typical scenarios of entanglement harvesting [19–
28]). Furthermore, in the cases where the breakdown of
covariance is of leading order, we have argued that it is
of the same magnitude as the causality violation already
introduced by the mere fact of smearing a detector degree
of freedom [17], and showed that these deviations from
covariance are suppressed as the square of the smearing
functions. Analogously to the discussion in [18], the dif-
ference between predictions in different coordinates can
be negligible in the long-time regime. Specifically, scenar-
ios where the duration of the interaction is much longer
than the light-crossing time of the detector’s smearing
lengthscale in all the detectors’ centre of mass frames
and in the coordinate frame used to perform calculations.
We have also shown a particular example of this in flat
spacetime.
The analysis on this paper quantifies the coordinate
dependence of predictions for particle detector models in
a very general setting as a function of the initial states,
the shape and state of motion of the detectors, and the
geometry of the spacetime they move in. Thus, these
results establish the limits of validity of smeared particle
detector models to covariantly extract information from
a quantum field.
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